Global amphibian decline by chytridiomycosis is a major environmental disaster that has been attributed to either recent fungal spread or environmental change that promotes disease. Here, we present a population genetic comparison of Batrachochytrium dendrobatidis isolates from an intensively studied region of frog decline, the Sierra Nevada of California. In support of a novel pathogen, we find low diversity, no amphibian-host specificity, little correlation between fungal genotype and geography, local frog extirpation by a single fungal genotype, and evidence of human-assisted fungus migration. In support of endemism, at a local scale, we find some diverse, recombining populations. Therefore neither epidemic spread nor endemism alone explains this particular amphibian decline. Recombination raises the possibility of resistant sporangia and a mechanism for rapid spread as well as persistence that could greatly complicate global control of the pathogen.
A mphibian biodiversity is declining globally, and chytridiomycosis is one of the factors attributed for this loss (1, 2) . The disease perplexes scientists because the mechanism of death, the mode of spread, and the origin of the disease are unknown. What is known is that susceptible amphibians of many species die soon after their skin is infected by the fungus, Batrachochytrium dendrobatidis (3, 4) . First identified in 1998 (3) and described in 1999 (5) , the fungus has now been found on museum specimens dating back to African Xenopus laevis collections made in the 1930s (6) . Two competing hypotheses exist regarding the origin of chytridiomycosis. The first is that the fungus is endemic to many regions and disease is due to recent environmental change; the second, the novel pathogen theory, suggests that disease is the result of recent spread of the fungus (perhaps with increased virulence) into new geographic areas where it encountered naive hosts (reviewed in ref. 7) .
Arguing for endemism is the fact that B. dendrobatidis does not seem adapted for broad-scale dispersal yet frogs carrying it have been recorded on every continent except Antarctica (7) . B. dendrobatidis is a waterborne pathogen, transmitted among frogs via a free-swimming zoospore stage that lacks a resistant cell wall and is easily desiccated (5) . For many fungi, including other chytrids (e.g., Chytriomyces hyalinus), a sexual phase precedes the production of resistant sporangia, which aid in persistence and dispersal (8) . However, no sexual phase or resistant stage has yet been found for B. dendrobatidis; thus, dispersal is assumed to be via infected frogs, zoospore-contaminated water, or an as yet unidentified reservoir host. Although X. laevis from southern Africa has been suggested as the original source of B. dendrobatidis (6) , X. laevis was exported around the world from the 1930s to the 1950s for human pregnancy testing (9) , well before the first known amphibian declines from B. dendrobatidis commenced in the 1970s (7) . Furthermore, other African anurans remain susceptible to the disease. Another trou-bling observation is that declines are occurring in remote and protected preserves and national parks. If humans are mediating the spread of the disease, one would expect frogs living in close proximity to humans to be more affected than those in protected wilderness, which does not seem to be the case. Theories consistent with endemism that have been put forward to explain the sudden increase in global amphibian declines because of chytridiomycosis include host immunosuppression (10) and global warming (11) .
In support of B. dendrobatidis as a novel pathogen (12) are mass mortalities in susceptible amphibian populations that suggest that the hosts are naive or that a new, virulent fungal genotype has spread through existing fungal populations. Intensive field surveys of frog populations in Australia and North, Central, and South America indicate that apparently uninfected populations are becoming infected and succumbing to the disease as it spreads through the region (2, 4, 13) . Two widespread and well known species, the African clawed frog, X. laevis, and the American bullfrog, Rana catesbeiana, can carry the disease asymptomatically, resulting in speculation that these exotic species may have aided in the intercontinental spread of chytridiomycosis (6, 14) . To date, screening of global B. dendrobatidis isolates for genetic differences has found very few variable markers, indicating the pathogen may have recently moved between continents or that a newly derived genotype has displaced older fungal populations (15) . Collections made of global isolates have tried to span geographic distance and variable host species; as such they are limited to one or at most a few individuals per population.
Two factors set apart our study. First, we focus on a single, well sampled geographic area, the Sierra Nevada of California, where frog decline associated with chytridiomycosis has been carefully documented and where the population biology and genetics of the resident frogs has been studied in detail. Second, we can address population structure, migration and reproductive mode because we have developed sufficient polymorphic genetic markers in B. dendrobatidis populations from this region and have scored them in nearly 100 local isolates. At the extremes, a single panmictic population of B. dendrobatidis would suggest recent global spread, whereas geographically defined populations would indicate a longer evolutionary association with an area. The inclusion of alternative hosts from California and four global isolates provides a baseline of information on the continuum of variability one might expect over greater geographic and biological scales. Resolving the origin of chytridiomycosis will have direct implications for the development of global amphibian trade practices and local resource management for the prevention of further extinctions.
Sierra Nevada and the Mountain Yellow-Legged Frog Model.
Mountain yellow-legged frogs, recently redescribed as two species Rana muscosa and Rana sierrae, are endemic to the mountains of California (16) . During the past century, these frogs have disappeared from Ͼ90% of their historic range in large part because of the historical introductions of predatory nonnative fish (17) and more recently an epidemic of chytridiomycosis (4, 18) . Frog population surveys dating back to 1995 (19, 20) and frog population genetic studies (refs. 16 and 21 and V.T.V., unpublished data) make the Californian R. muscosa and R. sierrae populations the best current system for studying B. dendrobatidis populations. Geographical subdivision within the Sierra Nevada, with R. sierrae in the north and R. muscosa in the south, suggests an historical barrier to gene flow Ϸ2.2 million years ago (16, 21) . Representatives of other amphibian and reptilian taxa (reviewed in ref. 21 ) also separate into distinct north and south clades within the Sierra Nevada. Genetic structure within each frog species reflects isolation within river drainages separated by impassable mountain ranges. If B. dendrobatidis has an ancient association with mountain yellow-legged frog populations then geographic structuring of B. dendrobatidis populations should also be evident. We sampled and cultured B. dendrobatidis isolates from frogs and tadpoles collected from each of six populations over the summers of 2003 and 2004 (for a total of 97 B. dendrobatidis isolates); populations were from three R. sierrae lakes in the north and three R. muscosa lakes in the south. For this reason, we targeted microsatellite sequences and single nucleotide polymorphisms (SNPs). Sequences containing microsatellites were found by mining a genomic DNA library of 7,600 sequences and an EST (expressed sequence tag) library of 1,500 sequences, together representing Ϸ20% of the B. dendrobatidis genome. Microsatellite motifs were rare and short, none were found longer than eight repeats. Of 76 microsatellite loci developed, only 12 varied among a subset of global isolates. The variation was either in the number of microsatellite repeat elements or in SNPs in the DNA sequence flanking microsatellites. These 12 variable loci plus 3 variable published loci (15) were screened for 104 B. dendrobatidis isolates ( Table 1) .
Results
Genetic divergence among isolates was extremely low; no more than two alleles were found in 14 of the 15 loci, for all individuals. At one locus, a rare third allele was identified from an isolate cultured from a long-term U.S. laboratory colony of Xenopus laevis maintained at the University of California, Berkeley ( Table 2 ). Although chytrids have traditionally been thought of as haploid, genetic work (15) suggests that this species is diploid. Within the Sierra Nevada, heterozygosity ranged from 20% at Laurel Creek to 87% at Mono Pass. Global isolates and long-term cultures fell within this range ( Table 3 ). Fourteen of the 15 loci displayed heterozygote excess within at least one population; however, with clone-corrected data, tests for heterozygote excess were not significant [supporting information (SI) Text]. Similarly, by using clone-corrected data, tests to determine whether alleles were in Hardy-Weinberg equilibrium were not significant (Fisher's Exact test; SI Text). The high level of heterozygosity is likely to be a consequence of clonal reproduction because selfing would promote homozygosity. Clonal reproduction in B. dendrobatidis is implicated in the decline of two of the study populations of R. muscosa in the Sierra Nevada, Woods Lake and Laurel Creek. These sites have been driven close to extinction by single, but different, genotypes of B. dendrobatidis. Although alleles were not divergent at a global scale, genotypes were; 24 distinct genotypes and 42 haplotypes were identified for the 104 B. dendrobatidis isolates screened. Similarly, although a single genotype could dominate a site, no genotype was found at more than one site.
Structured Populations: Migration or Multiple Introductions?
The hypothesis that B. dendrobatidis is a novel pathogen is supported by the global multilocus genotype network ( Fig. 1 ) in which genotypes are separated by relatively few steps and international and North American isolates do not dissociate. In some cases, more genetic variation was observed among isolates from a single Californian lake than between isolates from different continents. Coevolution of amphibian host and fungus in North America is not supported because no clades of B. dendrobatidis isolates are exclusive to R. muscosa, R. sierrae, R. catesbeiana, or Xenopus spp.
In contrast, geographic structure occurs at a local population scale in the Sierra Nevada. Isolates from Little Indian Valley form an exclusive clade, as do isolates from Hitchcock Lakes. This local geographic structure does not extend to broader regions, because populations from neighboring sites do not group together and (22) ] for the B. dendrobatidis isolates from mountain yellow-legged frogs supports two introductions into the Sierra Nevada followed by subsequent divergence and spread. Isolates from the northern Sierra Nevada (Little Indian Valley and Summit Meadow) generally fall into one group (group 1) and those from the southern Sierra Nevada (Laurel Creek, Hitchcock Lakes, Woods Lake, and Mono Pass) fall into a second group (group 2; Fig. 2 ). Genotypes from both groups are found at Summit Meadow and Mono Pass. These two sites are on opposite sides of Yosemite National Park separated by a distance of 40 km, although they are close to, and connected by, the main Yosemite traffic route, which carries Ͼ4 million tourists per year (www.yosemite.org). The observed distribution of genotypes between these two sites ( Fig. 2) is evidence for recent movement of B. dendrobatidis by people. Further evidence of recent spread that was probably human mediated is seen at Point Reyes National Seashore, a coastal National Park just north of San Francisco (Fig. 2) . Two genetically distant isolates were collected from this site, one from a native endangered red-legged frog, Rana draytonii, which falls among group 1 isolates, and the other, which is closer to the group 2 isolates (Fig. 1) , from an introduced bullfrog, R. catesbeiana. Genetic subdivision within and among populations as well as between the two inferred groups was tested by using AMOVA (analysis of molecular variance) in Arlequin [version 2.0 (23)]. Irrespective of how the populations are grouped, Ͼ50% of the observed genetic variance occurs within sites ( Table 4 ). The in-ferred two-group split accounts for a greater proportion of the variance (18.01%) than a species-based north to south split (10.2%) although significant genetic structure was detected for both divisions. With Ϸ30% of variance attributable to the collection site, a random sample can be assigned to an individual lake with some confidence; the software GMA [Genetic Mixture Analysis, version 1.0 (24)] assigned 23 of the 25 genotypes to the correct site with 95-100% probability. Genetic subdivision within a site was not significant. Table 5 ; Multilocus, version 1.3 (25) ]. These association measures test for multilocus linkage disequilibrium and are zero if alleles are recombining in the population (no linkage disequilibrium). The dominance of single genotypes within a population leaves no doubt that wild isolates of B. dendrobatidis undergo clonal reproduction via mitotically produced zoospores, however, recombination could not be ruled out in two populations, Little Indian Valley and Hitchcock Lakes (Table  5) . At these sites, sexual reproduction may be occurring. Sexual reproduction in Chytridiomycota initiates the production of resistant meiosporangia (8) , which would provide both a propagule for long-distance dispersal and a resting stage to maintain the fungus in the absence of hosts.
Association, Recombination, Sex, and a Possible Resistant Stage. The importance of clonal versus sexual reproduction was assessed by calculating index of association measures (I A and r d ) for each population separately with clone-corrected data [
The clustering of similar genotypes at Little Indian Valley (five genotypes, six distinct haplotypes) and Hitchcock Lakes (four genotypes, seven different haplotypes) suggests that they have evolved from a common ancestor rather than being the result of independent introductions. These sites may have maintained stable B. dendrobatidis populations for a longer period, a scenario consistent with local endemism. The absence of new alleles intimates that the different genotypes evolved through recombination of existing alleles rather than through mutation. We propose that B. dendrobatidis has had a limited number of introductions into the Sierra Nevada, two based on our analysis. Initial observations of enigmatic frog declines in the Sierra Nevada were made 25 years ago. Could sexual reproduction and recombination have produced the observed genotypes in that time frame? Yes, provided that at least some frogs survived the initial onslaught of infection or provided reservoir hosts were present. Heterozygosity now ranges from 80% (12 heterozygous loci) in isolates from Summit Meadow and Mono Pass down to 20% (3 heterozygous loci) at Laurel Creek. Through time, selfing could be increasing the proportion of isolates with homozygous loci. The absence of shared genotypes between sites indicates that recombination may be an important mechanism for spreading the disease through the generation of long-lived resistant stages.
Conclusions
One of our two important findings is that the agent of chytridiomycosis seems to have entered the Sierra Nevada as a novel pathogen but is now rapidly showing signs of local endemism. In support of the novel pathogen hypothesis, frog populations have collapsed after infection by a single B. dendrobatidis genotype. In addition sites having easy public access share similar fungus genotypes. Globally, endemism is not consistent with some Sierran genotypes being more closely related to international genotypes than to other Sierran genotypes. In contrast, sites within the Sierra Nevada now show signs of local endemism; no two sites share the same genotype and some sites contain several related genotypes with evidence of recombination. This result is consistent with studies of human fungal diseases (e.g., coccidioidomycosis or histoplasmosis) where the present distribution of the fungus is best explained by a combination of endemism associated with natural animal hosts and human assisted migration (26, 27) . Unlike these fungi that can cause human disease, there is no suggestion that B. dendrobatidis has coevolved with particular amphibian hosts, or that it can associate with nonamphibian hosts (J.A.T.M., unpublished data). Over the past decade, gorgonian sea fan corals in the Caribbean have suffered mass mortality events from aspergillosis, resulting from infection by the terrestrial fungal pathogen Aspergil-lus sydowii. The prevalence of A. sydowii is affected by sea fan size, species and density (28) . We could be seeing a similar trend with B. dendrobatidis; as a generalist, it infects many amphibian species and spreads rapidly. However, the effect of chytridiomycosis on a particular species may be site-dependent due to factors such as temperature, host density, and water movement. Sites where the disease persists have time for multiple introductions, and the fungus has the opportunity to recombine genes. Our other important finding is that the diversity of B. dendrobatidis cannot be explained by clonal reproduction alone. Although evidence is abundant for clonal, mitotic reproduction, in the form of sites with a single genotype of B. dendrobatidis and fixed heterozygosity at a majority of loci at sites with multiple genotypes, the null hypothesis of recombination could not be rejected at two genotypically diverse sites. Although we have no measure of the relative importance of clonal and recombining reproduction, even low rates of recombination can have profound consequences for pathogen spread and persistence (29) . The most likely mechanism for recombination is sexual reproduction, and, in chytrids, sexual reproduction typically results in thick-walled, resistant sporangia (8, 30) . Such sporangia would be a boon both to long distance dispersal of the fungus and to its persistence at sites where amphibians have become extinct; persistence of the fungus would complicate efforts to reintroduce amphibians to sites after local extinction.
The evidence for recombination, which raises the possibility of sexual reproduction, underscores how little we know about B. dendrobatidis ecology. Discovery of direct evidence for sexual reproduction, finding of resistant sporangia, and surveying for other hosts would all improve efforts to model chytridiomycosis and bring about its control. Attempts to find the fungus in environmental samples have also been fruitless, although B. dendrobatidis has been shown in laboratory studies to survive up to 3 months when grown with soil or feathers (15) . Our study provides evidence of a mechanism for spreading the disease, that one genotype can cause an epidemic and send a population extinct, and that local endemism can occur at persisting sites with the potential for recombination. These conclusions could be made only by studying well sampled local populations from one geographic region, yet they can be used to understand the global spread of emerging infectious disease. Our use of variable microsatellite and SNP markers and the current efforts to completely sequence the genomes of two B. dendrobatidis isolates indicate that access to sufficiently polymorphic markers will not limit further study of fungus population genetics. A critical next step is to challenge hypotheses arising from our work by using similar studies in other geographic regions, especially from areas where infected frog populations show no overt disease, from Africa where B. dendrobatidis may have originated, and from Asia where the disease has only recently been reported by the Japanese Ministry of the Environment. dendrobatidis was isolated and cultured as described (5) and cryopreserved as described (32) . Cultures and their ethanol preserved hosts have been submitted to the University of California, Berkeley Museum of Vertebrate Zoology (MVZ accession no. 14139).
Methods
Screening of Loci. DNA was extracted from B. dendrobatidis cultures by using Prepman Ultra (Applied Biosystems, Foster City, CA) as described (33) . Preliminary screening of eight isolates (JAM059, JAM081, JAM234, JEL197, JEL245, JEL253, JEL271, and JP005; see Table 1 ) involved PCR amplification with high fidelity Pfu DNA polymerase (Stratagene, La Jolla, CA), Topo TA cloning (Invitrogen, Carlsbad, CA) after A-extension with TaqDNA polymerase, wizard minipreps (Qiagen, Valencia, CA) and sequencing (Big Dye, version 3.1; Applied Biosystems, Foster City, CA) of at least five clones per isolate. Based on this screen, 12 of the 76 loci were found to vary. The 12 variable loci plus 3 variable published loci (15) were then screened for the 104 B. dendrobatidis isolates listed in Table 1 . Loci with length variants, either microsatellites or deletions, were PCR amplified with a fluorescently labeled primer. Then, the products were separated on an ABI3100 automated sequencer, and their sizes were scored by comparison with internal size markers by using Genotyper software (Applied Biosystems). Loci with SNP mutations were PCR amplified, and products were direct sequenced and scored for single or double peaks at the SNP site.
Genetic Structure and Distribution. Hardy-Weinberg probability tests per population and per locus were conducted in Genepop [version 3.4 (34)]. A multilocus genotype network was constructed by using statistical parsimony in TCS [version 1.13 (35) ]; a pairwise genotype distance matrix was constructed by treating each locus as a single character and the three possible genotypes at each locus as unique character states as described (15) . Thus, the two homozygous genotypes were considered to be two steps from each other but only one step from the heterozygous state.
Inferring Genotypic Populations. Population composition was inferred for the B. dendrobatidis isolates from R. muscosa and R. sierrae by using the program Structure [version 2.1 (22) ]. Structure estimates the log probability of the data for each value of K (number of clusters or populations). A series of independent runs were performed by using K ϭ 1-12 populations, a burn-in of 40,000 Markov chain Monte Carlo (MCMC) iterations, and a data collection period of 1 million MCMC iterations. Each simulation of K was replicated 20 times. To predict the true population size, the rate of change in the log probability of the data between successive K values (⌬K) was calculated and plotted against K following ref. 36 (see SI Figs. 3 and 4 ).
Testing for Genetic Subdivision and Index of Association. Analysis of molecular variance (AMOVA) was used to test for genetic subdivision within and between the six geographic populations from the Sierra Nevada [Arlequin, version 2.000 (23) ]. Index of association measures I A and r d were calculated for clone-corrected data by using the program Multilocus [version 1.3 (25) ].
